
RESEARCH OBJECTIVES
H e t e rogeneities in formation properties around an in situ

heat-based flow sensor may lead to incorrect interpretations of
g roundwater flow velocities. The flow sensor operates by con-
stant heating of a 0.75 m long, 5 cm diameter cylindrical pro b e ,
which contains 30 thermistors in contact with the formation. The
t e m p e r a t u re evolution at each thermistor is inverted to obtain an
estimate of the groundwater flow velocity vector, based on the
assumption that the formation is homogeneous. Analysis of data
f rom three heat-based flow sensors installed in a shallow sand
aquifer at the Former Fort Ord Army Base near Montere y,
California, suggested a strong and unexpected component of
d o w n w a rd flow. Three-dimensional TOUGH2 simulations were
conducted to investigate how diff e rences in the thermal conduc-
tivity and permeability around the instrument may lead to inac-
curate indications of downward flow velocities.

APPROACH 
Conformal mapping was used to generate a discretization

highly refined near the cylindrical instrument body to use for
simulating flow and heat transport near the sensor. A 17-layer
model was used in the 3-D simulations, with the heated por-
tion of the flow sensor represented by the nine center layers.
Horizontal flow was imposed across the domain in all the sim-
ulations, except for one where vertical flow was imposed.

Heterogeneity was assumed only in the vertical direction,
resulting in a “layer-cake” type stratigraphy.

ACCOMPLISHMENTS 
Simulated temperature profiles on the downstream side of

the flow sensor are plotted as a function of depth in Figure 1.
In a homogeneous formation, the temperature profile is sym-
metric for horizontal flow, while higher temperatures are
observed along the bottom half of the sensor relative to the top
half for vertical (downward) flow. When the thermal conduc-
tivity (Kt) of the formation is lower below the sensor compared
to the thermal conductivity along the length of the sensor (2.1
versus 1.8 W/m°C), the temperature profile becomes shifted in
such a manner that it could be interpreted as resulting from
downward flow, even though flow is actually horizontal. A
decrease in the permeability towards the bottom of the sensor
relative to the top can also result in a temperature profile that
could be interpreted as having a downward flow component,
although the effect tends to be smaller.

SIGNIFICANCE OF FINDINGS 
The simulations demonstrate that the temperatures re c o rd e d

by heat-based flow sensors are sensitive to diff e rences in the ther-
mal and hydraulic properties of the formation. Under conditions
of strictly horizontal flow, the temperature profile along the length
of the sensor can be perturbed by changes in the thermal conduc-
tivity and permeability, such that analysis of the data assuming
homogeneous formation properties could result in interpre t i n g
the temperature shift as the result of downward flow. 
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Figure 1. Simulated temperature profiles along the sensor for hor-
izontal and vertical flow in a homogeneous formation, and for
horizontal flow when Kt below the sensor is lower than Kt along
the sensor
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